Abstract The nucleation and growth processes of acicular ferrite in C-Mn steel weld metals containing various levels of titanium and nitrogen have been studied using dilatometry combined with transmission electron microscopy associated with energy-dispersive X-ray analysis. The as-deposited weld metals were thermally cycled under continuous cooling conditions, and fully developed and partially transformed microstructures were studied. Results showed that austenite transformed to ferrite in titanium-free C-Mn steel weld metals over a comparatively large range, and the resulting microstructure was dominated by Widmanstatten ferrite. The addition of titanium, typically 410 ppm, to C-Mn steel weld metals was found to accelerate the transformation kinetics, reducing the range in transformation temperature and modifying the weld microstructure with Widmanstatten ferrite being replaced by intragranularly nucleated acicular ferrite. Subsequent additions of nitrogen of around 240 ppm to C-Mn and C-Mn-Ti inhibited the transformation, but this soluble nitrogen had a little effect on weld microstructure. It is concluded that the development of acicular ferrite in C-Mn-Ti-N steel weld metals is associated with TiO-and TiN-type inclusions which act as effective sites for nucleation of acicular ferrite.
Introduction
A class of C-Mn weld metal which provides a good combination of strength and impact toughness results from alloying with titanium due to the formation of a fine interlocking acicular ferrite microstructure. This type of weld metal has been the subject of numerous research studies. It is reported that the role of titanium in nucleating acicular ferrite is associated with inclusions containing TiO [1] [2] [3] [4] [5] [6] [7] [8] , MnOTiO 2 [9] , Ti 2 O 3 [10, 11] and TiN [12] [13] [14] [15] . According to a lattice disregistry model which takes into account the mismatch between the inclusion surface and ferrite matrix, phases such as TiO, TiO 2 and TiN have low mismatch values, typically 3.0, 8.8 and 3.8 %, respectively, giving effective sites for nucleation of acicular ferrite [5, 16] . Evans [17] has systematically studied the effect of titanium in the absence of aluminium on C-Mn steel weld metals with the results showing that a small addition of titanium, typically 30 ppm, to C-Mn steel weld metal is sufficient to produce acicular ferrite. This dramatic microstructural change (could be linked) appears to result from changes in the inclusion chemistry from MnO·SiO 2 to MnO·Ti 2 O 3 [18] .
Nitrogen is usually not considered as an alloying element, but it occurs universally in steel products, and a low level of nitrogen can exert large effects. Some of these effects are detrimental, often being associated with embrittlement; therefore, the amount of nitrogen is usually maintained low, typically less than 200 ppm [19] . In steel weld metals, the effects of nitrogen are usually associated with poor weld metal toughness and strain age embrittlement [20] . However, the role of nitrogen in steel weld metals has gained significant attention, recently [14, [21] [22] [23] , and this may be due to the fact that nitrogen addition is inexpensive. In most cases, the beneficial effects of nitrogen are the result of an interaction with alloying elements present.
Acicular ferrite is formed during austenite to ferrite phase transformation as a result of a succession of competing nucleation and growth processes at grain boundary and intragranular sites. Where grain boundary sites predominate, Widmanstatten ferrite is formed preferentially, whereas rapid development of intragranular sites tends to favour acicular ferrite. Unfortunately, it is almost impossible to measure transformation kinetics directly during the welding process so that the most appropriate method used in the present investigation is to simulate weld metal transformation dilatometrically using samples taken from as-deposited weld metals. In dilatometric studies, transformation-start temperature (T s ) is generally designates the start of grain boundary ferrite formation, whereas the 50 % transformation temperature (T 50 ) and peak rate transformation temperature (T PRTT ) can be used as an indication of transformation kinetics of acicular ferrite [3, 24] . The temperature range for nucleation of acicular ferrite has been found to be 600-680°C, depending on the chemical composition and cooling rate of steel weld metals [24, 25] . However, phase transformations in steel weld metals are complex, involving factors such as chemical composition, inclusions, prior austenite grain size and cooling rate.
Referring to the above studies, it seems that the transformation behaviour of C-Mn-Ti-N weld metals, in particular nucleation and growth processes of acicular ferrite, is still far from fully understood and, therefore, is the subject of the present investigation.
Experimental procedures

Materials
The MMA samples were prepared by Oerlikon-Welding Limited, Zurich, Switzerland, according to ISO 2560-1973. Details of sample preparation are given elsewhere [17] . Weld metal specimens with different levels of titanium (designated as O and X) and nitrogen (N and N2) were deposited with their chemical compositions which are given in Table 1 .
Two types of synthetic samples were produced in a vacuum arc furnace, using pure Fe, Ti and graphite components with and without nitrogen additions melted to form small rods of approximately 6 mm diameter and 25 mm; from previous studies, the cooling rate during solidification was ∼10°C/s, corresponding to the weld metals above.
These samples are referred to as C-Mn-Ti and C-Mn-Ti-N alloys in the text below.
Dilatometry
A dilatometric technique was used to study the γ→α phase transformation of C-Mn-Ti-N weld metals during continuous cooling. Specimens were machined in the form of hollow cylinders with standard specimen dimensions, i.e. 10 mm long by 5 mm outside diameter with a wall thickness of 1 mm. The axis of each specimen was parallel to the weld direction. The specimens were subjected to controlled thermal cycles which consisted of austenitisation at 1,250°C for 2 min followed by continuous cooling at two different weld cooling rates of 13 and 25°C/s from 800 to 500°C. Figure 1 shows an example of dilatation curve obtained during continuous cooling. In this figure, the straight lines marked CL and DK are the extensions of the dilatation curve, and they represent austenite phase (lower line DK) and transformation products (upper line CL). The T s can be determined by locating the temperature at which the dilatation curve starts to deviate. In this investigation, T s is determined, as 1 % austenite has transformed into ferrite by drawing a dotted line parallel to BK, off-set to 1 % of the line F, until the line intersects the dilatation curve at T s . Similarly, the value of T f is taken at 99 % of austenite transformed. T PRTT occurs at the inflection point of the dilatation curve where the first derivative, i.e. d(ΔL/L)/dT, at this point is maximum. By applying the lever rule, the fraction of austenite transformed to ferrite is given by the expression f =OG/OH. These experimental conditions are aimed to simulate the austenite grain size and cooling rates experienced by the original welds, and further details can be found in the work of Ilman [26] .
Interrupted quench experiments
The nucleation and growth processes during the development of the weld metal microstructure were studied using interrupted quench experiments. Specimens were machined in the form of solid cylinder with the diameter of 3 mm and 5 mm in length. A K-type thermocouple was welded at a traverse section of each solid cylinder specimen using a spot welder to monitor temperature during thermal cycle. Specimens were heated in a furnace for 2 min at 1,250°C to reach austenite phase field. Subsequently, the specimens were withdrawn from the furnace to cool in the atmosphere, whilst the temperature was monitored by means of thermocouple attached to the specimens. On reaching temperatures in the range 650 and 720°C, but typically 700 and 630°C, the specimens were quenched into water to obtain partially transformed microstructures, and typically, the quench rate was in excess of 200°C/s, which is sufficiently fast to arrest ferrite growth. A similar treatment was also applied to synthetic alloys, but after reaching 630°C from austenite temperature, the samples were held isothermally at this temperature for 30 s prior to water quenching.
Metallography
Microstructural examinations were carried out on transverse sections of the weld metals using standard metallographic technique including mounting, grinding, polishing and etching in 2 % nital. Microanalysis of inclusions was carried out using the Philips CM20 Transmission Electron Microscope equipped with an energy-dispersive X-ray spectrometer. Specimens were prepared using carbon extraction replicas to characterise inclusions.
Results and discussion
The microstructural examination is focused on top beads of all the weld metals under study following the current guidelines proposed by IIW [17, 27] . Figure 2 shows microstructural changes due to different levels of Ti and N contents. It can be seen that with a low level of N, a C-Mn steel weld metal coded O consists mainly of Widmanstatten ferrite which occupies columnar grains. The addition of titanium of around 400 ppm to C-Mn weld metal produced a weld metal, X, with the microstructure completely changed to acicular ferrite. An increase in nitrogen content to a level of 240 ppm, designated as O2 and X2, does not modify the microstructure significantly, although the acicular ferrite volume fraction appears to be raised slightly, and the average lath dimensions are somewhat refined.
The changes in C-Mn-Ti-N weld metal microstructure may be related to the nature of inclusions. Microanalysis results, such as those in Fig. 3 , of inclusions present in the titanium-free C-Mn steel weld metals show that elements present in inclusions are typically Mn, Si and O, whereas S is often observed on inclusion surface. This type of inclusion would be manganese silicate (MnOSiO 2 ) which is consistent with a previous report [18] . Elements such as S and Cu are often identified in the inclusions probably in the form of MnS and/or CuS. Figure 4 shows nucleation of acicular ferrite on inclusion with the microanalysis results. The addition of 400 ppm Ti to the C-Mn steel weld metals modifies the inclusion chemistry with Ti and O present as the principal elements at the expense of Mn and Si. In general, the inclusions under study appear to be homogeneous with no distinct phase boundaries.
The normal sequence of Ti deoxidation is for the more stable oxides, such as Ti 3 O 5 or TiO 2 , to form first, as determined by Babu et al. [28] and Hong et al. [29] , but TiO is more likely, as the reaction temperature and oxygen content decrease. However, this will only be true under conditions close to equilibrium and when the oxygen content changes relatively slowly with time and temperature. Obviously, in weld metals, these latter conditions do not apply, and it is more likely that TiO would predominate at the much more rapid cooling rates prevailing during weld pool solidification. Whilst not observed in this study, it is possible that there is some precursor nucleation of the higher Ti oxides in the molten weld pool which are subsequently enveloped by TiO as temperature decreases. Such observations were made by Talas [30] during cooling on some 'synthetic' weld metals during simulated TIG arc welding. This study showed that holding a synthetic weld metal initially containing only Fe 0.16 % Ti and 600 to 800 ppm O, the only oxides formed after a 5-s hold in the molten state were Ti 2 O 3 or TiO 2 or complex inclusions consisting or mixtures of these with TiO. As the holding time was increased, more of the inclusions contained only TiO and TiN were also formed. At these longer times, the oxygen content had reduced to around 200 ppm. Although these weld metals contained only trace amounts of C (<0.005 %), there was a change in the microstructure from largely massive or quasi-polygonal ferrite at 5 s to one consisting of carbon-free acicular ferrite or bainite laths. Similar 'cored' weld metals inclusions have been observed in other weld metals, implying that nucleation of one phase on another (such as TiN on Al 2 O 3 ) is favoured by rapid cooling. Therefore, it seems likely that the presence of TiO favours the formation of an acicular ferrite microstructure.
Transformation kinetics of C-Mn-Ti-N steel weld metals continuously cooled at the rate of 13°C/s are shown in Fig. 5 , with the transformation temperatures given in Table 2 . There is no significant change in terms of transformation T s , i.e. all weld metals start to nucleate around 760°C, suggesting that Ti and soluble N do not influence the nucleation and growth of grain boundary ferrite. It is interesting to note that the growth of grain boundary ferrite is characterised by the presence of 'kinks' at the early stage of transformation in a good agreement with the work of Cochrane [31] and theoretical expectations that transformation starts at austenite grain boundaries and rapidly consumes those available sites before transformation starts in the grain interiors.
The kinetics of austenite to ferrite transformation may be compared from the gradient of fraction transformed (f)-temperature (T) plots giving df/dT or transformation rate, occurs at very slow rates, and the fraction of austenite transformed to ferrite increases more gradually with decreasing temperature than when Ti is present. As a result, the transformation finishes at lower temperatures. In contrast, transformation kinetics of titanium-containing weld metals X and X2 occur at faster rates. These higher transformation rates appear to be associated with the development of intragranularly nucleated acicular ferrite. The rationale for this lies in the various models for acicular ferrite growth; this microstructure forms by rapid nucleation at intragranular sites in the austenite, and since there are many such sites, mainly at inclusions, nucleation is increased, and hence, transformation is accelerated. The effects of cooling rate can be seen by comparing the weld metals continuously cooled at the rate of 13°C/s (Fig. 5 , Table 3 in Appendix) and the ones with the cooling rate of 25°C/s (Fig. 6, Table 4 in Appendix). The cooling rates used in this study fall in the range of actual weld cooling rates, typically 1-30°C/s [32, 33] . It can be seen that an increase in cooling rate lowers the transformation-start temperature for all weld metals and accelerates the development of acicular ferrite in welds X and X2, but more markedly in X. As a result, the amount of acicular ferrite increases at the expense of grain boundary ferrite.
The sequence of microstructural development in C-Mn-Ti-N weld metals (weld O and X) can be assessed from the results of interrupted quench experiments as shown in Fig. 7 . At 700°C, both weld metals show a large amount of welldeveloped grain boundary ferrite along prior austenite grain boundaries. At the lower temperature of 630°C, Widmanstatten ferrite starts to develop in weld O by lateral thickening and length-wise growth from austenite grain boundary sites. In contrast, weld metal X is dominated by the nucleation of intragranular acicular ferrite within the austenite grains. It can be seen that the volume fraction of Widmanstatten ferrite formed at this temperature is lower than that of acicular ferrite. Further cooling down to 600°C, the growing Widmanstatten ferrite plates in weld O become longer, and some ferrite plates have already impinged with the other plates, but the transformation is not finished yet, whereas the growth of acicular ferrite in weld X seems to be complete. Results of this interrupted quench experiment seem to confirm that MnOSiO 2 glassy inclusions do not effectively nucleate acicular ferrite in austenite grain interiors, hence allowing Widmanstatten ferrite to form.
Of note is that the amount of oxygen in C-Mn-Ti-N weld metals under study is maintained constant, typically 300 ppm, so that there is sufficient oxygen for the titanium to react to form TiO, hence allowing nitrogen to be present in solid solution. The present investigation failed to find evidence for TiN precipitation in as-deposited CMn-Ti-N weld metals. This is because the formation of TiN is dependent on the reaction sequence as follows: Ti reacts with O, and then, Ti, with N. Provided that the oxygen content is in excess of stoichiometry (2.81:1 wt%) with titanium (as in the weld metal samples), then, thermodynamic equilibrium would favour the formation of TiO in the liquid phase.
Removing oxygen as in the synthetic alloys strongly indicates an effect of nitrogen on microstructural development. Figure 8a , b shows microstructures of the as-cast C-Mn-Ti alloy without and with nitrogen additions, respectively. It can be seen that the addition of sufficient nitrogen to C-Mn-Ti alloy changes the microstructure from one largely consisting of ferrite side plates to one largely consisting of intragranularly nucleated acicular ferrite. Interrupting the transformation by water quenching from 630°C in the oxygen-free C-Mn-Ti alloy (Fig. 8c) shows the nucleation of ferrite side plates, whereas in C-Mn-Ti-N alloy (Fig. 8d) , the microstructure is marked by the considerable intragranular nucleation of acicular ferrite within the austenite grains. Carbon extraction replicas taken from this sample provided several examples of nucleation of a spherical cap of ferrite on cubic Ti-rich precipitates, and one such is shown in Fig. 9 . This type of precipitate has a fcc structure with a lattice parameter of 0.424 nm which is consistent with TiN.
Results of the present investigation seem to confirm the importance of nitrogen in steel weld metal, and the beneficial effect of nitrogen is obtained by careful addition of nitrogen to C-Mn steel weld metals and its interactions with other alloying elements to form TiN. The findings of this study may be relevant to developing nitrogen bearing C-Mn steel weld metals with more complex compositions involving strong deoxidisers such as Al and Ti and hardenability elements.
Conclusions
1. The effect of Ti on weld metals containing approximately 300 ppm oxygen is to cause a change in a microstructure from one consisting of Widmanstatten side plates to one of acicular ferrite. 2. Transformation studies show that the kinetics of transformation are similarly changed, and the rate of transformation is higher for the acicular ferrite structures. 3. Although there was evidence for nucleation of acicular ferrite at TiO inclusions in the weld metals studied, the evidence for the effect of nitrogen on microstructure was not consistent with the presence of TiN particles. 4. On the other hand, studies of a synthetic alloy containing little or no oxygen confirmed that ferrite nucleation at intergranular sites could occur on TiN particles. 5. It is concluded that these findings illustrate the possibility of using nitrogen as a deliberate alloying addition, and under some circumstances, nitrogen additions may be beneficial.
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